Abstract: Implementation of greenhouse gas (GHG) abatement strategies often ends up as the responsibility of municipal action rather than national policies. Impacts of local GHG reduction measures were investigated in the EU FP7 funded project Urban Reduction of Greenhouse Gas Emissions in China and Europe (URGENCHE). Kuopio in Finland was one of the case study cities. The assessed reduction measures were (1) increased use of biomass in local heat and power cogeneration plant, (2) energy efficiency improvements of residences, (3) increased biofuel use in traffic, and (4) increased small scale combustion of wood for residential heating. Impact assessment compared the 2010 baseline with a 2020 BAU (business as usual) scenario and a 2020 CO 2 interventions scenario. Changes in emissions were assessed for CO 2 , particulate matter (PM 2.5 and PM 10 ), NO x , and SO 2 , and respective impacts were assessed for PM 2.5 ambient concentrations and health effects. The assessed measures would reduce the local CO 2 emissions in the Kuopio urban area by over 50% and local emissions of PM 2.5 would clearly decrease. However, the annual average ambient PM 2.5 concentration would decrease by just 4%. Thus, only marginal population level health benefits would be achieved with these assumed local CO 2 abatement actions.
Introduction
Greenhouse gas (GHG) emissions influence the ecosystems globally, and a great amount of effort, both economical and human resources, has been and will be invested to limit these influences. The most important GHGs are carbon dioxide (CO 2 ), nitrogen oxides (NOx), methane (CH 4 ), ozone (O 3 ), hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs). The first four occur naturally as well as being man-made, and the two others exist only as man-made products. The main human activities that produce these gases are fuel combustion, energy production, transportation, industry, various manufacturing processes, and agriculture. Effects associated to GHG emissions are spatiotemporal changes in climate that further influence rainfall, sea levels, extreme weather conditions, biodiversity, agriculture, spread of diseases, etc. GHG inventories were previously performed in 1990 by IPCC [1] . To mitigate emissions, it is essential to understand the causal relations between emissions and the major activities producing them.
In recent decades, joint global political efforts to develop common abatement commitments for GHG emissions reduction have been actively on-going. Common protocols, such as the 1997 Kyoto Protocol and more recently the 2015 Paris Agreement, have led to national strategies and policies to limit emissions. In most cases, the final fine tuning and actual implementation of the policies is the responsibility of municipalities. This means that the local effects and timelines of implementation may vary a lot, both between and within countries [2] .
Various policies focus on the use of alternative fuels and sources of energy, energy conservation, and land use modifications. Besides GHG-emissions, emissions of other pollutants may also be affected by these policies. These pollutants, such as particulate matter, harm human health, and the implementation of emissions reducing policies can bring health benefits [3, 4] . When assessing and comparing the planned or executed GHG abatement policies, it is informative to also estimate their local co-benefits instead of assessing only direct costs of the measures and their impacts on GHG emissions [5, 6] .
The assessment of the local short term co-benefits of urban scale implementation of GHG-mitigation policies on public health and well-being was the objective of the EU FP7 funded project Urban Reduction in Greenhouse Gas Emissions in China and Europe (URGENCHE) [7] . This assessment was targeted on five case study cities in Europe and two in China. This article presents results of the assessment for the city of Kuopio in Finland with the following objectives: (1) evaluate how local greenhouse gas abatement strategies affect air pollutant emissions, (2) assess the local health effects of fine particulate matter (PM 2.5 ) in Kuopio, and (3) analyze spatial differences in the exposures to PM 2.5 (i.e., particles with an aerodynamic diameter of 2.5 micrometers or less).
Materials and Methods

Study Area
Kuopio is an inland city, 400 km N-NE from Helsinki, in Finland. The surroundings of Kuopio are mainly covered by woods and water, and the landscape is hilly (90 to 210 m above sea level). The main 15 km × 10 km urban area of Kuopio was the study area. In 2010, this area covered 62% of the residential buildings (53% of the detached houses, 96% of the attached houses, and 99% of the high rise apartment buildings) and 87% (around 81,000) of the population in the whole, much larger (3700 km 2 ) Kuopio municipality. Currently the local economy is mainly based on public and private services, education and research, and industry. Kuopio is considered as a technological and business center of the region with some major industrial plants, like a cardboard factory and a large combined heat and power plant (Haapaniemi CHP-plant). In 2010, over 75% of the residences and almost all of the non-residential buildings in the urban area were heated by district heat produced by the two units of the wood chips, peat, and biogas fired heat (capacity 300 MW) and power (120 MW) cogenerating plant. Both units apply fluidized bed combustion technology, which makes them flexible for different fuels. The rest of the residences were heated with electricity (13%), heating oil (5%), wood (3%), and geothermal heat (1%).
Greenhouse Gas Emission
Heating buildings (district heat, electricity, separate heating) contributed 42% of the total CO 2-eq (i.e., green house gas emissions equivalent to CO 2 warming potential) emission of 1020 kilotons in 2010 (Figure 1 ) ([8] only in Finnish).
Abatement Strategies and Scenarios
The city of Kuopio aims to reduce its total GHG emissions by 40% by 2020 compared to 1990. This target is presented in Kuopio's climate strategy for the years 2009-2020, which was used as a guideline for the CO 2 emission intervention scenarios assessed in this study. The selected scenarios were built to be realistic so that they could produce useful information about the impacts of the Kuopio's climate policy programme. To ensure this, several departments of the city (traffic and town planning, land use, the energy company, and the department of environmental protection) were involved in defining the intervention policies to be assessed. 
The city of Kuopio aims to reduce its total GHG emissions by 40% by 2020 compared to 1990. This target is presented in Kuopio's climate strategy for the years 2009-2020, which was used as a guideline for the CO2 emission intervention scenarios assessed in this study. The selected scenarios were built to be realistic so that they could produce useful information about the impacts of the Kuopio's climate policy programme. To ensure this, several departments of the city (traffic and town planning, land use, the energy company, and the department of environmental protection) were involved in defining the intervention policies to be assessed.
The scenarios focused mainly on the increased use of biomass/biofuels in heat and power generation and traffic and the improved energy efficiency of buildings, i.e., the main national policies for GHG emission reduction in Finland. The selected supply side actions were (1a) increased use of biomass in the local Haapaniemi combined heat and power plant (CHP-plant) and (1b) increased use of wood in small scale combustion, and demand side actions (2a) improved insulation of renovated and new buildings and (3a) increased use of biofuels in traffic (estimated as "lower emitting" cars due to the absence of real emission factors for liquid biofuels). Assessments were based on comparison of the 2010 baseline as the current situation with the 2020 business as usual (BAU) scenario and the 2020 CO2 intervention scenario describing the impacts of the selected actions (Table 1) . The scenarios focused mainly on the increased use of biomass/biofuels in heat and power generation and traffic and the improved energy efficiency of buildings, i.e., the main national policies for GHG emission reduction in Finland. The selected supply side actions were (1a) increased use of biomass in the local Haapaniemi combined heat and power plant (CHP-plant) and (1b) increased use of wood in small scale combustion, and demand side actions (2a) improved insulation of renovated and new buildings and (3a) increased use of biofuels in traffic (estimated as "lower emitting" cars due to the absence of real emission factors for liquid biofuels). Assessments were based on comparison of the 2010 baseline as the current situation with the 2020 business as usual (BAU) scenario and the 2020 CO 2 intervention scenario describing the impacts of the selected actions (Table 1) . 
Scenario Data
Comprehensive data for the assessments was collected from various reports, databases, and statistics. For the 2010 baseline, the actual data was used, and for 2020, different predictions for upcoming trends were applied (Table 2) . 
Population and Residences
Population growth was predicted by the city administration based on the current plans for buildings construction and economic development in the region.
For the year 2010, the actual residential floor area in Kuopio urban area was retrieved from the building registry. The prediction for the year 2020 was based on the assumption that the residential floor area will grow in proportion with the population growth, i.e., 45 m 2 /new inhabitant. In addition, 3% of the existing floor area was assumed to be renovated annually between 2010 and 2020. This trend was estimated by Technical Research Centre of Finland (VTT) and based on the age distribution of the national building stock and renovation data from the most recent decades ( [10] , only in Finnish).
Heat Demand and Production
The baseline total residential heat demand was based on the actual 2010 district heat data (representing 78% of the total) available from the local supplier (personal communication). For the 2020 scenarios residential heat demand prediction was based on two assumptions: (1) for the 2020 BAU scenario it was assumed that new and renovated buildings will consume 70 kWh/m 2 /a (the requirement for new buildings by the Finnish building code in year 2010), and (2) for the 2020 CO 2 interventions scenario, the new and renovated buildings were assumed to be nearly zero energy buildings of 25 kWh/m 2 /a in an average year. All current non-renovated buildings were assumed to keep on consuming the same amount of energy as in 2010. Building stock data for the predictions was retrieved from the Finnish building registry with a personal query through municipality authorities.
The realism of these assumptions is supported by the developments of the past three decades when the heat demand of the whole Finnish building stock has decreased by almost 50% and in buildings connected to the district heat, by 30% ( [10] , only in Finnish).
The share of each source of heat in 2010 is based on the annual national CO 2 report, which collects data on energy generation, consumption, and traffic, and also provides regional CO 2 emission estimates ( [8] , only in Finnish). However, the estimation in this report includes the whole municipal area of Kuopio, so we refined the information based on a survey investigating the actual share of each source of heat for the urban area. For the 2020 BAU scenario, the respective shares of the different sources of heat were assumed to be the same as in the 2010 baseline, but in the 2020 CO 2 interventions scenario, oil was assumed to be replaced by small-scale wood combustion.
The 2010 baseline district heat generation in the Haapaniemi CHP-plant was based on the consumption and production data retrieved from the energy company (Kuopio Energy Group, personal communication). In 2010, 84% of the used fuel was peat, 12% oil, and 4% biomass (wood). For the 2020 scenarios, the estimated fuel use in the CHP-plant was based on the predicted changes in the volume and heat demand of the building stock. The proportions of fuels used in the 2020 BAU scenario were assumed to be the same as in the 2010 baseline and in the 2020 CO 2 interventions scenario: 50% peat and 50% wood chips.
Traffic
The actual road network and the traffic volumes used for the 2010 baseline emission estimation. VTT has developed the software to calculate traffic exhaust emissions for municipalities, provinces and the whole of Finland, and the car fleet information for Kuopio was available in the "Road traffic exhaust emissions calculation model" module (LIISA, version 2011 used) ( [9] , only in Finnish). The road network in 2020 was estimated based on the assumed increase of the population and the current plans for the road network.
The 2010 proportions of diesel (59%) and petrol (41%) ( [9] , only in Finnish) were assumed to stay the same in 2020. The total consumption of fuels was assumed to increase 8% from 2010 to 2020 based on two estimations: (1) LIISA 2011 system estimates that the use of fuels in Finland increases 8.9% during this time, and (2) it has been estimated for the Kuopio area that the vehicle-kms will increase by 16% from 2011 to 2030 ( [11] , only in Finnish), and linear increase would mean an increase of 8% from 2010 to 2020. In the 2010 baseline 5% of the consumed fuels was biofuels. The effect of biofuels on the CO 2 emissions was based on the estimations in the LIISA 2011 system.
There was no reliable data available to estimate particulate matter emissions for fuels with the different proportions of biofuels. In the 2010 baseline, the particulate matter emissions were assumed to correspond to EURO3 emission class. In the 2020 BAU scenario, emissions were based on EURO4, and in the 2020 CO 2 interventions scenario, on EURO5. These EURO-classifications [12] were used to reflect the upcoming changes in the car fleet and the restrictions for emission of particulate matter.
Health Effects
Because CO 2 does not have direct health effects, impact of the studied intervention actions on health were estimated by assessing changes in the ambient concentrations of fine particulate matter, which have been linked to increased cardiopulmonary mortality and various other acute and chronic health end-points, such as aggravation of asthma, respiratory symptoms, and an increase in hospital admissions [13, 14] . Health effects were estimated by using exposure-risk functions, i.e., in this case relative risk (RR) and unit risk (UR), derived by epidemiological studies [15] [16] [17] . In cases with RR functions, a population attributable fraction (PAF) was calculated to relate exposure to risk of health effects (Equation (1)).
where f is the fraction of population exposed (in this case 1). RR • = relative risk with the prevailing exposure level. The number of attributable cases is calculated by multiplying PAF with the background incidence data, which in this case was available through the national databases and statistics. If based on the UR estimates, the attributable incidence (AI) of a particular health effects is (Equation (2)
where E is the population exposure concentration, UR the unit risk, and P the size of the exposed population.
The background incidence data, ERFs, and calculated PAFs for the health impact assessment are presented in the Table 3 . 
Modelling Emissions and Dispersion
CO 2 emissions were calculated for each scenario by using the data in the Table 2 and the emission factors in the Table 4 . [9] , only in Finnish) data on emissions with the different fraction of biofuels, * = 5% of biofuels, ** = 20% of biofuels, *** = 30% of biofuels. Here, the net effect of biofuel is assumed zero. See Discussion.
The emission and dispersion modelling of PM 2.5 , PM 10 (i.e., particles with an aerodynamic diameter of 10 micrometers or less), EC (elemental carbon), and NO 2 from traffic, Haapaniemi CHP-plant, and small scale combustion done by the Finnish meteorological institute (FMI) ( [22] , only in Finnish) were used to estimate the emissions in our scenarios. Results modelled for year 2005 were used to represent the baseline 2010 scenario, and for the 2020 BAU and the CO 2 intervention scenarios, some adjustment were made for FMI results to fit them to our scenarios. Traffic results were used directly, as FMI modelled the future scenarios with the assumptions of our scenarios, but concentrations from the Haapaniemi CHP-plant and separate heating in the 2020 scenarios were scaled by our estimated heating needs and estimated amounts and type of used fuels.
For point sources, i.e., for the Haapaniemi CHP-plant and small scale combustion, an Urban Dispersion Modelling system (UDM-FMI) was used [23] . For traffic sources, a line source model "Contaminants in the Air from a Road" (CAR-FMI) [24, 25] was used. For point sources, the emissions of each source (based on the used amount of fuel), features of the flue gases, technical data of the facility, and the duration of operation were taken into account. For traffic emissions, the vehicle fleet and hourly changes of its use, proportion of different vehicle types, traffic speed, and emission factors based on the vehicle type were included, and the emissions were calculated as time series with hourly emissions for each pollutant.
For the traffic originated PM 10 also suspension from the streets was modeled with a suspension model [26] , based on the particle emission model developed by the Swedish meteorological institute (SMHI) [27] . The used PM 10 Meteorological data used in the dispersion model calculations was based on three-year monitoring data. The weather data was obtained from three representative weather stations to create the final meteorological data provided as hourly time series.
Total emissions were calculated per year and concentrations were calculated for point grid with 7453 points. The distance between the points varies from 50 to 500 m being smaller in the vicinity of important sources and around roads. This GIS-coded data allowed us to calculate the spatial differences in the concentrations and in the exposures for the postal code areas.
Results
Pollutant Emissions
The total annual PM 2.5 emissions decrease from 103 to 81 tons (−22%) between the 2010 baseline and the 2020 BAU, and to 51 tons in the 2020 CO 2 interventions scenario (Figure 2a) . The decrease of 51% is caused mostly by the reduced emissions from the Haapaniemi CHP-plant and to a lesser extent from traffic. PM 2.5 emissions from the local sources could be heavily decreased in the Kuopio urban area by increasing the use of biomass in the Haapaniemi CHP-plant and a lower emitting car fleet. However, the PM 2.5 emissions from small scale combustion more than double compared to the 2010 baseline, because of the assumed increased use of small scale wood combustion in the 2020 CO 2 intervention scenario.
The total PM 10 emissions behave differently compared to the emissions of PM 2.5 . The total PM 10 emissions actually increase between the 2010 Baseline and the 2020 BAU scenarios from 262 to 274 tons/year (Figure 2b ). Reason for this is the higher traffic volumes causing more suspended PM 10 emissions from the road surface. However, PM 10 emissions from the Haapaniemi CHP-plant and traffic tailpipe decrease, so an overall a decrease of 11% is achieved from the 2010 baseline to the 2020 CO 2 interventions scenario.
The total NOx and SO 2 emissions were available only for the Haapaniemi CHP-plant. The actions assumed in the CO 2 interventions scenario, but also the other upcoming emission limits and the technical improvements, which have also been taken into account in this estimation, clearly decrease the emissions of NOx (by 65%) and SO 2 (by 79%) from the 2010 baseline to the 2020 CO 2 interventions scenario (Figure 2c ). CO 2 emissions decrease from the 2010 baseline to the 2020 BAU scenario by 15% and to the 2020 CO 2 interventions scenario by 55% (Figure 2d ). The decrease is mainly explained by the reduced emissions from the Haapaniemi CHP-plant, due to the replacement of peat partly by wood chips and the decreased heat demand of the more energy efficient building stock.
Local Concentrations and Exposures
The highest annual concentrations of PM 2.5 from traffic occur, as expected, near the thruway and the main streets leading to the city center, and in the city center. In the 2010 baseline scenario, maximal annual concentration of PM 2.5 originating from traffic, 4.0 µg/m 3 , is found around the southern highway exit leading toward the city center. The lowest annual average traffic generated PM 2.5 concentrations, below 0.5 µg/m 3 , are observed in the southern suburbs, where the distance to the thruway is several kilometers. PM 2.5 contribution from traffic is clearly decreased by the 2020 intervention scenario, and the highest annual concentration is now 1.8 µg/m 3 .
Contribution of the Haapaniemi CHP-plant to the local annual average PM 2.5 concentrations remains very low (maximum 0.014 µg/m 3 ) even at the 2010 baseline. This was anticipated because the plant is equipped with state-of-the-art fly ash collectors and its high stacks dilute and disperse the emissions beyond the local urban airspace.
Small scale wood combustion exhibits clear spatial differences in its contribution to the annual average PM 2.5 concentrations. This is caused by the differences of the main sources of heat between the different areas in Kuopio. There are some areas with older detached houses that are not connected to the district heating system. However, the highest annual average concentration from small scale combustion in the 2010 baseline still remains only 0.6 µg/m 3 . This clearly indicates that traffic is the major local source of the annual PM 2.5 levels in the urban area of Kuopio.
For the health impact estimation, the total ambient annual average concentration of PM 2.5 was needed. Long range transportation is the main source of PM 2.5 for the Kuopio region. The assessed sources contributed 12% to the total ambient annual average level of PM 2.5 in the 2010 baseline (Table 5 ). This decreased to 8% in the 2020 CO 2 interventions scenario, a decrease of 0.3 µg/m 3 . In general, this evaluation demonstrates that in Kuopio, the ambient annual average levels of PM 2.5 are affected only slightly by the local sources (7% from traffic, 0.0% from the Haapaniemi CHP-plant, and 4% from small scale combustion). Consequently, although the described local decisions can reduce the annual PM 2.5 emissions by 52 tons, they can only marginally reduce the PM 2.5 exposures within the urban area. On the other hand, actions in Kuopio will reduce the PM 2.5 concentrations in a much larger area around the city.
Health Effects
The estimated health impacts of the PM 2.5 exposure in Kuopio urban area are quite low in the 2010 baseline scenario, and because the ambient PM 2.5 levels are only marginally affected in the 2020 intervention scenarios, the health impacts remained essentially unchanged (Table 6 ). The wide ranges in the estimates for chronic bronchitis and cardiovascular and respiratory hospital admissions are caused by the uncertainties in the respective exposure response functions.
Socio-Demographic Differences
Originally, we aimed to evaluate whether the health impacts were distributed evenly within the Kuopio population. However, as the overall health impacts were so low that the spatial analysis was done only for the annual average ambient PM 2.5 levels.
Based on the GIS mapped concentration data, the annual average ambient PM 2.5 levels varied between suburbs (defined by postal codes) in Kuopio from 6.5 to 7.8 µg/m 3 . These were related to the social indicators of % unemployed, % foreigners, % >63 year olds, annual average income, % population having a higher education and % population with bad credentials. Two of these indicators-% of >63 year olds (Figure 3a ) and annual average income (Figure 3b) 
Discussion
Increased use of biofuels in traffic and in heat and power generation is a cornerstone of the national GHG abatement strategies in Finland and prioritized locally in the Kuopio area. The assessment demonstrates that actions can have a major effect on the local fossil CO2 emissions, in this case lowering them by 55% from the 2010 baseline to the 2020 CO2 interventions scenario. It seems that older people and people with low income live in areas with the higher PM 2.5 annual average levels. This makes sense as a high proportion of older people in Kuopio live close to the city center, where the PM 2.5 levels are the highest because of the traffic. On the other hand, some of the suburbs with the oldest apartment buildings with cheaper rents are located near the highway. This trend between low socioeconomic status (SES) and higher exposures to air pollutants is in line with previous studies from other geographical locations [29] [30] [31] [32] .
Increased use of biofuels in traffic and in heat and power generation is a cornerstone of the national GHG abatement strategies in Finland and prioritized locally in the Kuopio area. The assessment demonstrates that actions can have a major effect on the local fossil CO 2 emissions, in this case lowering them by 55% from the 2010 baseline to the 2020 CO 2 interventions scenario.
However, GHG CO 2 from the combustion of fossil fuels is identical to CO 2 from biofuels, which have been assumed to exhibit zero net CO 2 emission, because the CO 2 released into the atmosphere in the combustion has originally been absorbed from the atmosphere. Since 2008 [33, 34] a growing amount of literature has argued that this assumption simplifies too much by ignoring the energy consumption in biofuels production and in particular the emissions from forest clearing for wood biomass harvesting and the farming of biofuel crops. Realistic net GHG impacts of biofuel use depend on the time horizon, the alternatives compared to, biomaterials used, production methods, etc., and vary from zero to higher than the fossil alternative. In spite of the many regulations that assume zero net emission, it is clear that this assumption does not reflect reality.
IPCC, however, advises the use of national emission factors in cases where they are available [35] . We therefore used the emission factors provided by the national expert organization Motiva Oy, which recommended in 2010 the use of zero as the emission factor for wood and wood residues. If the re-take circulation is ignored instead (which errors in the opposite direction), the CO 2 emission factor of wood products (109.6 t/TJ) is actually a bit higher than for peat (97-107 t/TJ), oil (73.5 t/TJ), and coal (93.3 t/TJ) [36] .
Local measures can clearly effect the local emissions, but the effect on the total ambient concentrations of pollutants may end up being small. This is the case in areas where most of the total pollution load is caused by long range transport. PM 2.5 is a good example of this kind of a pollutant, and to tackle this issue, common and joint continent-wide efforts are needed to improve air quality on the larger scale.
In this case, traffic was the largest contributor of the local sources to the ambient annual levels of PM 2.5 . As there were no PM 2.5 emission factors available for different biofuels, no realistic assumptions could be made for the 2020 scenarios. More importantly, several other studies have demonstrated that much higher health benefits can be achieved by GHG abatement strategies that reduce emissions by replacing motor vehicle transportation with biking and walking [37] [38] [39] [40] .
The increased use of small scale wood combustion was estimated to have a small effect on the total CO 2 emissions in the Kuopio urban area. However, its contribution to the annual average ambient PM 2.5 level from local sources was estimated to increase by 26%. Its short term neighborhood impacts are likely to be higher because small scale combustion sources are located at rooftop levels in the residential areas and are typically in use at times when neighbors are at home. In addition, they are a source of polycyclic aromatic compounds, which have carcinogenic effects. Smoke of small-scale wood burning can also cause negative effects on wellbeing, which was indicated by a survey done for the residents in the urban area of Kuopio [41] . Based on these conclusions, increased use of wood in small scale combustion cannot be recommended as an action to reduce CO 2 emissions in populated urban areas.
This study was done in close co-operation with the city organization, policy makers, and the research institute. This joint collaboration showed that there is a need to provide tools for cities and municipalities to make local health impact assessments of local policies and measures. This is now being considered in Index Air, a recently started project in which the city of Kuopio is one of the stakeholders and a representative of the possible end-users of the management tool, which is planned to be used to evaluate effects of the local measures affecting on air pollution and on health in municipality level.
Conclusions
The assessed GHG abatement measures have a noticeable effect on the total emissions of air pollutants in the Kuopio urban area. The increased use of biomass in the Haapaniemi power plant is a recommended measure to reduce fossil CO 2 emission in the study area. The increased small scale combustion of wood increases emissions of particulate matter and has at best a minor decreasing effect on CO 2 emissions, so it cannot be recommended as an action to tackle GHG emissions. In this case, the assessed CO 2 reduction measures have a minor effect on the average local annual ambient PM 2.5 levels as the main contributor is long-range transport. Because of this, health benefits of the assessed measures were low. In the Kuopio area, elderly people and people with lower income seem to live in areas where levels of particulate matter are higher.
